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Thin  films,  today  widely  used  in  numerous  applications  including  optics, 
electronics,  and  surface  protection,  are  commonly  deposited  by  a 
variety  of  physical  vapor  deposition  (PVD)  methods.  Standard  PVD  tech¬ 
niques  produce  films  with  inherent  weakness  of  their  optical  and  mech¬ 
anical  properties  because  of  their  typical  columnar  microstructure, 
which  13  a  result  of  the  low  mobility  of  the  condensed  atoms  or  mole¬ 
cules  on  the  substrate  surface.  This  is  particularly  true  for  coating 
of  plastics,  when  the  substrate  temperature  needs  to  be  kept  low 
(around  ambient).  REACTIVE  ICN  PLATING  DEPOSITION  .RIPD)  is  an  inno¬ 
vative  technique  which  densifies  the  growing  thin  film  by  enhanced 
surrace  mobility  as  well  as  by  continuous  ion  bombardment,  therefore 
resulting  in  durable,  well  adhering  thin  films  at  relatively  low 
substrate  temperatures.  This  technique  will  be  used  for  the  funda¬ 
mental  investigation  of  RIPD  as  well  as  for  its  production-oriented 
application.  The  results  of  the  Phase  I  effort  are  very  encouraging. 
Several  different  single  layer  coatings  and  hybrid  multilayer  coatings 
were  successfully  deposited  on  polycarbonate  ophthalmics  using  the 
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INTRODUCTION 


The  current  technologies  used  to  provide  "Laser  Eye  Protec¬ 
tion"  (LEP)  are  thin  film  multilayer  reflective  rejection  filters, 
absorption  filters  and  holographic  filters.  Each  of  these 
approaches  have  their  good  and  bad  points.  The  multilayer  re¬ 
jection  filters  have  been  used  with  limited  success  on  polycar¬ 
bonate  surfaces.  Their  limitation  is  related  to  the  film  struc¬ 
ture  of  the  deposited  films  as  well  as  the  uniformity  of  the 
coating  on  curved  shapes.  This  limitation  affects  both  the  dur¬ 
ability  and  the  optical  properties  of  the  deposited  multilayer. 
Their  major  benefit  is  the  high  optical  transmittance  that  can  be 
achieved  without  any  significant  absorption  characteristics.  The 
absorbing  type  filters  have  very  limited  use  because  of  their 
broad  band  rejection  properties.  This  severely  affects  the 
scotopic/photopic  transmittance  as  well  as  the  field  color 
neutrality.  Absorption  type  filters  can  be  used  for  rejecting 
spectral  regions  outside  of  the  visible  spectrum  as  long  as  there 
is  no  significant  visible  absorption  properties.  The  holographic 
filters  have  very  good  optical  characteristics,  but  have  high 
susceptibility  to  thermal  effects  and  must  be  protected  with  a 
cover  plate  due  to  their  poor  durability. 

One  key  problem  associated  with  the  standard  Physical  Vapor 
Deposition  (PVD)  process  is  the  film  porosity.  Electron  micro¬ 
scope  investigations  of  fractured  edges  of  thin  films  revealed 
that  many  metals  and  most  dielectrics  form  thin  films  with  colum¬ 
nar  microstructure.  A  major  research/development  thrust  in 
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various  areas  of  thin  film  applications,  including  electronics, 
optics  and  surface  protection,  is  geared  towards  the  den s i f ica t ion 
and  homogenization  of  the  microstructure  of  thin  films,  in  order 
to  makethem  "bulklike".  Numerous  researchers  have  spent  their 
efforts  in  improving  abrasion  and  erosion  resistance  by  way  of 
densifying  the  thin  film  microstructure.  Most  of  these  efforts 
had  some  limited  success.  In  particular,  depositing  thin  films 
on  substrates  at  relatively  low  temperatures  (room  temperature  or 
moderately  above)  is  one  of  the  limitations  for  many  processes, 
lack  of  versatility  for  either  the  thin  material  selection  or  sub¬ 
strate  size  or  shape  another. 

The  technology  approach  chosen  for  the  Phase  I  effort  is  a 
relatively  new  process  called  reactive  ion-plating  deposition 
(RIPD).  RIPD  appeared  as  a  versatile  method  of  producing  hard  thin 
film  coatings  with  bulk-like  properties  for  a  variety  of  chemical 
compounds.  These  include  nitrides  and  carbides  for  metallurgical 
application,  and  oxides  for  optical  coatings.  While  ion-plating 
deposition  of  metallurgical  coatings  may  still  employ  substrate 
temperatures  of  400  to  500  degrees  C,  RIPD  of  oxide  coatings 
operates  at  about  100  degrees  C.  The  capability  of  depositing 
dense,  hard  oxide  thin  or  thick  films  at  such  a  low  temperature 
is  advantageous  for  all  applications  where  the  substrate  does 
not  allow  for  the  typical  temperatures  of  300  to  500  degrees  C 
used  with  other  PVD  processes.  Therefore,  RIPD  is  fully  compat¬ 
ible  with  most  optical  materials,  including  classes  with  a  low 
softening  point.  One  application  of  RIPD  which  had  not  been 
fully  explored  to  date  is  the  coating  of  plastics. 
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The  Phase  I  effort  was  directed  toward  demonstrating  that 
this  process  can  be  used  to  deposit  reflection  rejection  coatings 
on  polycarbonate  material.  The  significance  of  providing  multi¬ 
layer  rejection  coatings  on  polycarbonate  material,  using  the 
RIPD  process,  is  that  uniform,  durable  and  optically  efficient 
LEP  eyeware  will  be  possible.  The  hybrid  approach  of  optically 
efficient  polycarbonate  IR  absorbers  with  the  multilayer  coatings 
will  provide  ballistic  protection  and  multiline  LEP  for  the 
visible  and  NIR  spectral  region.  The  significance  of  using  a 
coating  process  with  ion  interaction  compared  to  normal  deposition 
processes  is  the  enhanced  durability  and  optical  stability  due  to 
bulk-like  structual  properties  of  the  coating  materials. 

All  of  the  Technical  Objectives  stated  in  the  Phase  I  pro¬ 
posal  have  been  successfully  addressed,  namely: 

1.  Demonstrate  the  capability  of  using  the  Reactive  Ion 
Plating  Deposition  (RIPD)  technique  for  depositing  improved  thin 
film  oxides  on  polycarbonate  substrates. 

2.  Determine  the  optical  constants  (n,  k)  of  each  coating 
ma  t er i a  1 . 

3.  Determine  the  structual  properties  of  each  coating 
material . 

4.  Deposit  a  multilayer  reflection  filter  on  polycarbonate 
mater i a  1 . 

5.  Assess  the  environmental,  physical  and  optical  proper¬ 
ties  of  a  multilayer  stack  deposited  on  a  polycarbonate  substrate. 

6.  Provide  to  LAIR  personnel  a  sample,  using  the  RIPD  pro¬ 
cess  with  polycarbonate  ophthalmic  material. 
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EXPERIMENTATION/ RESULTS 


The  primary  goal  of  this  program  is  to  use  "state  of  the 
art"  technologies  and  materials  to  achieve  a  quantum  leap  in 
the  performance  of  LEP  hardware.  The  approach  proposed  is  a 
combination  of  the  most  advanced  polycarbonate  IR  absorbing 
materials,  for  a  base  ophthalmic  element  and  a  novel  multilayer 
coating  technique  that  can  be  used  to  apply  multilayer  reflection 
rejection  filters  to  the  polycarbonate  materials.  Glendale  Pro¬ 
tective  Technologies,  Inc.  provided  the  polycarbonate  near  IR 
absorbers  with  specific  ophthalmic  shapes. 

Evaporated  Coatings,  Inc.  and  the  Center  for  Research  in 
Electro-Optics  and  Lasers  (CREOL)  at  the  University  of  Central 
Florida  (UCF)  agreed  to  provide  a  cooperative  effort  for  studies 
related  to  depositing  multilayer  coatings  on  polycarbonate  mater¬ 
ials.  CREOL  has  established  a  maior  program  in  the  fundamental 
and  applied  research  for  a  substantial  improvement  of  thin  film 
coatings  for  optical  applications.  Dr.  Karl  H.  Guenther,  Asso¬ 
ciate  Professor  (EECS  and  Physics  at  UCF,  is  responsible  for  this 
research  effort  at  CREOL.  The  coating  technology  proposed  is 
RIPD,  which  is  considered  a  major  breakthrough  in  thin  film 
deposition  technology.  This  technology  can  be  used  to  enhance 
not  only  the  optical  properties  of  multilayer  coatings  on  poly¬ 
carbonate  but  also  the  coating  durability  and  coating  uniformity 
properties. 

CREOL  STUDIES  (SEE  ATTACHMENT-CREOL  FINAL  REPORT) 

The  coating  process  (Reactive  Low  Voltage  Ion  Plating 
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Technology  (RLVIPT)  and  system  that  were  used  by  CREOL  is  des¬ 
cribed  in  detail  in  their  final  report  (see  attachment).  Basic¬ 
ally,  this  mode  of  coating  deposition  uses  a  combination  of 
electron  beam  deposition  with  a  plasma  system  that  ionizes  the 
evaporated  atoms/molecules  from  the  electron  beam  gun.  The 
evaporated  ions  are  then  accelerated  toward  the  substrates  by  a 
bias  voltage.  The  accelerated  ion  has  increased  surface  impact 
energy  and  surface  energy.  This  provides  the  densif ication  of 
the  deposited  film  by  increased  surface  mobility.  The  films 
deposited  approach  " bulk-ma ter ia 1 "  properties  compared  to  a 
columnar  void  structure  of  films  formed  by  standard  electron 
beam  deposition  technology. 

The  initial  studies  performed  by  CREOL  indicated  that  the 
process  provided  too  much  heat  when  depositing  a  multilayer  coat¬ 
ing  on  the  polycarbonate  substrate.  The  temperature  increased 
enough  to  start  to  deform  the  polycarbonate  substrate.  It  was 
determined  that  the  source  of  heat  was  from  both  the  electron 
beam  gun  source  and  the  plasma  source. 

CREOL  personnel  designed  and  built  a  heat  exchange  system 
for  the  vacuum  system.  Heat  sinks  and  shields  were  placed  in¬ 
side  the  vacuum  chamber.  A  low-cost  water  chiller  system  was 
built  to  interface  with  the  internal  heat  sinks.  This  provided 
efficient  enough  to  keep  the  chamber  temperature  at  a  signifi¬ 
cantly  lower  temperature  during  the  deposition  process.  Figures 
3  and  4  of  the  CREOL  report  indicate  the  temperature  rise  in  the 
coating  chamber  with  and  without  the  heat  exchange  system  in  use 
during  the  deposition  of  hafnium  oxide.  Much  lower  deposition 
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temperatures  have  been  achieved. 


Material  studies  for  silicon  dioxide  and  zirconium  oxide 
were  then  performed  for  coatings  deposited  with  just  electron 
beam  deposition  and  the  RLVIPT  process.  The  ion  plated  (IP) 
coatings  had  refractive  indicies  higher  than  the  electron  beam 
(EB)  deposited  coatings.  For  example,  the  value  for  IP  zirconium 
oxide  was  2.2  and  the  EB  coating  was  2.15.  This  difference  in 
refractive  index  is  significant  since  less  layers  are  required 
with  IPcoatings  to  yield  the  same  optical  density  compared  to 
EB  coatings. 

The  intrinsic  stress  of  each  of  these  coating  materials 
deposited  with  the  IP  process,  was  determined.  It  is  important 
that  the  intrinsic  stress  is  not  too  high.  If  it  is  too  high 
the  film  tends  to  delaminate  from  the  substrate  since  the  self- 
induced  bending  force  exceeds  the  adhesion  of  the  film  to  the 
substrate  surface.  The  stresses  measured  were  basically  compres¬ 
sive  and  practical  for  a  multilayer  deposit. 

CREOL  deposited  several  single  layer  coatings  of  Zr02  and 
Si02  using  the  RLVIPD  process.  The  coatings  were  deposited  on 
polycarbonate  samples  provided  by  Glendale  Protective  Technologies, 
Inc.  Samples  with  and  without  an  organic  protective  overcoat  for 
the  polycarbonate  were  used  for  the  coating  studies.  The  single 
layer  coatings  were  evaluated  for  their  cosmetic  properties 
under  a  200X  microscope.  The  best  samples  obtained  were  for  both 
the  Zr02  and  Si02  films  deposited  on  the  polycarbonate  samples 
with  the  protective  overcoat.  They  looked  clear  and  defect  free. 
T_be  samples  without  the  protective  overcoat  appeared  cloudy  and 
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had  some  large  and  small  stress  fracture  patterns  on  the 
coated  surface.  This  was  consistent  for  all  of  the  samples 
evaluated . 

CREOL  also  provided  samples  with  a  multilayer  coating  on 
samples  with/without  a  protective  overcoated  polycarbonate 
material.  The  multilayer  was  constructed  of  the  first  two 
layers  coated  with  the  IP  process  followed  by  the  next  sixteen 
layers  coated  with  the  EB  process  and  the  final  two  layers 
coated  with  the  IP  process.  It  was  reasoned  that  the  initial 
and  final  layers  would  provide  environmental  and  durability  pro¬ 
perties  and  the  multilayer  stack  "sandwiched"  between  these 
layers  would  provide  a  less  stressed  coating  and  be  more  com¬ 
patible  with  the  higher  expansion  coefficient  properties  of  the 
polycarbonate  substrate.  These  samples  were  also  evaluated 
cosmetically.  Again,  the  samples  coated  without  the  protective 
overcoat  were  of  poor  quality  and  indications  of  a  high  stress 
were  evident.  The  samples  with  the  protective  overcoat  were 
very  clear.  There  was  some  evidence  of  fine  stress  marks  under 
higher  magnification  but  the  overall  quality  was  good.  The 
spectral  curve  for  this  multilayer  is  indicated  in  figure  A. 

The  optical  density  achieved  for  this  twenty  layer  coating  was 
about  2.5. 

ECI  STUDIES 

Several  multilayer  samples  were  prepared  at  ECI  using  nor¬ 
mal  EB  deposition  techniques.  The  series  of  samples  prepared 
utilized  both  CREOL  and  ECI  single  base  layer  coated  samples 
that  were  then  coated  with  a  multilayer  coating  designed  to  re¬ 
ject  the  1.06  micron  region.  There  was  an  equal  distribution 
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of  these  samples  with/without  the  protective  organic  coating  on 


the  polycarbonate  material.  The  single  layer  samples  prepared 
at  ECI  utilized  a  rf  sputtered  process  to  form  a  high  refractive 
index  film  on  the  polycarbonate  surface.  Also  part  of  this 
matrix  of  parts  were  uncoated  polycarbonate  samples  with/without 
the  protective  overcoat.  All  of  these  samples  were  then  cleaned 
and  coated  with  the  EB  multilayer  coating. 

An  environmental  and  durability  test  and  evaluation  was 
performed  on  all  of  the  samples  described  above.  The  testing 
and  evaluation  was  performed  in  the  following  sequence: 

1.  Cosmetic  evaluation  per  MIL-C-48497 

2.  Adhesion  test  per  MIL-M-13508 

3.  Abrasion  test  per  MIL-C-48497 

4.  Humidity  (40  hours  per  MIL-C-48497) 

5.  Water  solubility  (3  days  per  MIL-C-48497) 

6.  Adhesion  test  per  MIL-M-13508 

7.  Cosmetic  evaluation  per  MIL-C-48497 

Illustrated  in  Table  I  are  the  results  of  this  testing.  A 
weighting  factor  was  assigned  to  rate  the  results  of  each  test. 
The  weight  t'  ctors  are  as  follows: 

1 .  No  damage 

2 .  Some  damage 

3.  Severe  damage 

The  results  of  the  single  layer  coatings  supplied  by  CREOL 
indicated  that  both  the  Zr02  and  Si02  coatings  deposited  on  the 
polycarbonate  substrates  without  the  ~rqanic  protective  layer 


had  a  cloudy  appearance. 


The  samples  with  the  organic  overcoat 
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were  very  clear.  After  the  sequential  testing  the  Si02  samples 
showed  very  poor  adhesion  on  both  the  polycarbonate  samples  with/ 
without  the  organic  protective  layer.  The  major  defect  with  the 
Zr02  samples  was  their  poor  abrasion  characteristics.  However, 
their  appearance  after  all  the  testing  was  quite  good.  Their 
abrasion  characteristics  could  be  significantly  improved  by 
ending  with  a  quartz  like  layer.  The  important  conclusion  from 
the  single  layer  analysis  is  to  use  a  polycarbonate  substrate 
with  the  organic  overcoat,  start  with  a  high  index  material,  e.g. 
Zr02  and  end  with  a  quartz-like  material,  e.g.  Si02.  This  should 
provide  good  cosmetic,  abrasion  and  adhesion  properties  when 
subjected  to  a  series  of  sequential  physical  and  environmental 
testing.  The  benefit  of  the  organic  coating  appears  to  be  that 
it  seals  the  polycarbonate  surface  from  absorbing  water  and  there 
by  stops  water  vapor  being  emitted  during  the  coating  process. 
Also,  it  may  function  as  more  of  a  compatible  layer  that  can 
adjust  for  the  expansion  coefficients  of  the  substrate  and  deposi 
ted  thin  film. 

The  two  CREOL  multilayer  samples  that  were  processed  with 
a  hybrid  EP  and  EB  deposition  process  were  slightly  crazed  prior 
to  testing.  The  samples  looked  very  well  after  adhesion,  abra¬ 
sion  and  humidity  testing,  but  showed  significant  deterioration 
after  the  three  day  water  solubility  test.  It  is  believed  that 
the  initial  stress  cracks  were  the  weak  areas  that  precipitated 
the  further  damage  during  the  water  solubility  test.  Despite 
the  severe  damage  after  this  test,  one  sample  was  still  able  to 
pass  the  adhesion  test.  The  initial  and  final  IP  layers  did 


provide  additional  protection. 


Two  single  layer  CREOL  samples  (  Si02  and  Zr02)  that  were 


coated  with  an  ECI  multilayer  (EB)  were  subjected  to  the  same 
sequence  of  tests.  Again,  the  sample  (K)  that  had  the  Si02  base 
layer  did  not  pass  the  adhesion  test.  The  other  sample  (Zr02) 
had  some  initial  stress  cracks.  It  also  failed  as  the  testing 
progressed.  This  points  out  the  significance  of  starting  out 
with  a  multilayer  that  does  not  have  any  initial  stress  cracks. 

The  final  samples  that  were  evaluated  consisted  of  two 
samples  ( wi t h/ wi t ho u t  organic  overcoat)  that  had  a  high  index 
material  rf  sputtered  on  the  surface.  The  other  two  samples 
were  polycarbonate  substrates  with  and  without  the  organic  over¬ 
coat.  Each  of  these  four  samples  were  then  coated  with  an  ECI 
multilayer  (see  figure  B)  using  EB  technology.  The  results  of 
the  sequential  testing  indicated  that  the  best  samples  obtained 
were  the  ones  with  the  initial  high  index  film  formed  by  the  rf 

sputtering  process.  There  was  one  of  these  samples  (G)  that 

passed  all  the  testing  without  any  degradation.  The  other 

sample  (H)  had  a  small  mark  on  the  edge  of  the  part.  Sample  (I) 

which  is  polycarbonate  with  the  multilayer  had  some  initial 
cloudiness  but  also  passed  all  of  the  tests.  .Sample  (J),  the 
polycarbonate  with  the  organic  overcoat  and  the  ECI  multilayer, 
started  to  show  coating  removal  and  poor  adhesion  after  the  water 
solubility  test.  The  necessity  of  using  some  ion  enhanced  coat¬ 
ings  to  achieve  better  durability  properties  is  evident  from  the 
results  of  these  last  two  samples. 
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CONCLUSIONS /RE COMMENDATIONS 


Conclusions  : 

1.  The  initial  high  temperature  problem  associated  with  the 
RIPD  process  can  be  controlled  with  the  use  of  shielding  and 
thermally  controlled  heatsinks  located  in  the  vacuum  process  cham¬ 
ber  . 

2.  Additional  modifications  on  the  thermal  and  heat  shield 
system  designed  and  fabricated  in  the  Phase  I  effort  can  be  made 
to  further  improve  the  process  to  make  it  fully  compatible  with 
coating  polycarbonate  ophthalmics. 

3.  The  coating  uniformity  on  curved  ophthalmic  polycarbo¬ 
nate  elements  is  excellent  with  the  RIPD  process. 

4.  The  deposition  rates  for  the  coating  materials  studied 
using  the  RIPD  process  are  practical  and  similar  to  the  conven¬ 
tional  electron  beam  deposition  process. 

5.  The  use  of  some  type  of  protective  organic  layer  on  the 
polycarbonate  material  does  provide  benefits  in  the  form  of  cos¬ 
metic  properties  as  well  a  compatibility  of  the  multilayer  with 
the  polycarbonate  substrate. 

6.  The  use  of  films  deposited  with  some  form  of  ion  depo¬ 
sition  process  and  conventional  EB  deposition  does  provide  prac¬ 
tical  mechanism  for  the  enhancement  of  the  physical  and  optical 
properties  of  LEP  polycarbonate  elements. 

7.  The  Phase  I  effort  clearly  demonstrated  that  the  primary 
objective  of  depositing  multilayer  reflection  rejection  filters 
on  polycarbonate  curved  surfaces  is  feasible  with  the  RIPD 
process . 
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Recommendations : 


There  is  no  question  that  a  Phase  II  effort  will  yield  a 
practical,  cost  effective  and  property  enhanced  multiline  LEP 
polycarbonate  ophthalmic  element.  The  tasks  to  be  performed  for 
this  Phase  II  effort  include: 

a.  Further  refine  the  heat  exchange  system  and  chamber 
shields,  for  the  RIPD  process,  to  ensure  a  minimum  substrate 
temperature  increase  during  coating  processing. 

There  are  additional  changes  to  the  heat  exchange  system 
that  can  be  done  to  improve  the  overall  heat  exchange  efficiency. 
Better  thermal  contact  of  the  water  lines  with  the  shield  is  but 
one  example.  Additional  shields  can  be  added  to  reduce  the  pro¬ 
cess  heatload.  It  is  very  important  to  keep  the  temperature  low 

and  stable  because  a  resulting  temperature  increase  of  the 

o  o 

plastic  substrate  would  endanger  it  if  going  beyond  80  -100  C. 

b.  Study  the  properties  of  a  transition  layer(s)  that  will 
enhance  the  adhesion  between  the  multilayer  coating  and  the  poly¬ 
carbonate  substrate  as  well  as  accommodate  the  expansion  co¬ 
efficient  differences. 

The  results  achieved  in  Phase  I  show  clearly  that  the 
dielectric  hybrid  multilayers  adhered  better  to  the  polycarbonate 
lenses  which  already  had  a  hard  coating  as  compared  to  those 
lenses  consisting  of  plain  polycarbonate. 

The  studies  to  be  performed  will  basically  consist  of 
evaluating  or ga n i c/ i nor g a n i c  film  structures  between  the  poly¬ 
carbonate  multilayer  interface  to  enhance  adhesion  and  "blend" 
the  expansion  coefficients  for  the  plastic  and  multilayer. 
Additional  studies  will  also  be  focused  on  the  structure  of  the 
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multilayer.  Composite  structures  of  ion  enhanced  coatings  with 
e-gun  deposited  films  are  also  expected  to  accommodate  expansion 
coefficient  differences. 

c.  Evaluation  of  hybrid  ion  enhanced  coatings  with  e-gun 
deposition  coatings  to  achieve  optimal  physical  and  optical  pro¬ 
perties.  The  Phase  I  results  indicated  that  enhanced  properties 
are  feasible.  The  studies  will  be  used  to  determine  the  optimal 
hybrid  technique. 

d.  A  mu 1 ti layer /polycar bonate  absorber  hybrid  will  be  de¬ 
signed  to  provide  visible/near  IR  LEP. 

e.  In  order  to  demonstrate  the  enhanced  properties,  cost 

and  practical  considerations  associated  with  this  process,  several 
ophthalmic  sets  with  LEP  and  ballistic  protection  and  associated 
process  time  data  will  be  provided  for  evaluation. 
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Summary 

The  reactive  low  voltage  ion  plating  (RLVIP)  process  implemented  in  our  state-of-the-art  high 
vacuum  deposition  system  Balzers  BAP  800  has  shown  to  make  dense,  durable  and  non-shift¬ 
ing  dielectric  multilayer  coatings  on  unheated  substrates.  The  heating  of  the  substrates  cus¬ 
tomary  in  conventional  electron  beam  deposition  for  obtaining  hard,  durable  coatings  is  not 
necessary  for  RLVIP.  The  task  of  this  effort  was  to  investigate  the  microstructure  of  ion 
plated  dielectric  thin  films  deposited  on  substrates  kept  at  room  temperature  or  slightly  above, 
and  to  evaluate  the  compatibility  of  the  expected  dense  dielectric  (ceramic)  thin  films  with 
polycarbonate  substrates.  Although  the  process  does  not  require  substrate  heating  per  se  from 
a  fundamental  point  of  view,  the  temperature  in  the  coating  chamber  increases  more  than 
encountered  with  standard  electron  beam  evaporation  because  of  the  plasma  discharge  involved 
in  the  reactive  low  voltage  ion  plating  process.  Therefore,  a  major  ponion  of  our  effort  was 
directed  toward  the  installation  of  additional  heat  sinks  inside  the  coating  chamber  with  stain¬ 
less  steel  shields  welded  to  appropriate  stainless  steel  water  piping.  This  work  was  performed 
completely  by  a  young  engineer  in  our  thin  film  group  who  graduated  in  May  with  a  B.S.  in 
Engineering  Technology.  He  built  also  a  low-cost  water  chiller  which  proved  efficient  enough 
to  keep  the  chamber  temperature  at  the  required  low  levels  during  deposition.  After  the 
completion  of  this  engineering  task,  we  were  able  to  coat  several  plastic  lenses,  both  with  a 
lacquer  hard  coat  and  without,  with  different  designs  of  multilayer  coatings,  consisting  of 
zirconia  and  silica.  In  order  to  keep  the  chamber  temperature  low,  we  used  hybrid  designs, 
where  the  first  and/or  last  few  layers  were  deposited  by  reactive  low  voltage  ion  plating  and 
the  remaining  layers  necessary  to  achieve  the  desired  spectral  performance  were  deposited  by 
conventional  electron  beam  evaporation,  carried  out  in  the  same  coating  run  without  breaking 
the  vacuum.  Electron  microscope  investigations  of  these  hybrid  coatings  show  a  clear  differ¬ 
ence  in  microstructure  of  ion  plated  and  electron  beam  deposited  layers.  The  ion  plated  thin 
films  are  more  dense  than  those  deposited  by  electron  beam  evaporation. 
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Introduction 

Laser  eye  protection  for  military  personnel  has  been  a  topic  of  research  and  development  inter¬ 
est  ever  since  laser  range  finders,  target  designators,  and  other  laser  equipment  for  field  use 
became  available.  ‘  Various  schemes  for  obtaining  efficient  laser  eye  protection  have  been 
suggested,  including  dyes  for  plastic  lenses  and  visors,  holographic  reflectors,  and  dielectric 
multilayer  coatings.  Evaporated  Coatings,  Inc.,  (ECI)  is  pursuing  a  hybrid  approach  of  com¬ 
bining  all  3  of  the  aforementioned  elements  in  one  device.  While  it  is  possible,  in  principle,  to 
reject  laser  lines  in  the  Visible  and  Near  Infrared  with  a  single  stack  or  multiple  stacks  of  thin 
film  coatings  (Figure  1),  this  solution  becomes  impracticable  for  plastic  substrates  because  of 
the  large  number  of  thin  films  and  the  resulting  physical  thickness  of  the  complete  coating 
necessary  for  the  rejection  of  multiple  laser  wavelengths.  Such  coating  would  become  highly 
stressed  and  incompatible  with  the  soft  plastic  (polycarbonate)  substrates,  particularly  under 
additional  thermal  or  mechanical  stress,  as  might  be  expected  in  field  use  from  the  exposure  to 
the  environment  or  ballistic  impact.  Therefore,  the  solution  proposed  by  ECI  takes  advantage 
of  laser  rejection  provided  by  dyed  polycarbonate  in  the  Near  Infrared,  and  a  holographic  grat¬ 
ing  taking  care  of  short  wavelength  laser  line  rejection.  For  a  steep  cutoff  at  the  longer  wave¬ 
length  end  of  the  visible  spectrum  (lambda  =  690  nm),  the  combination  of  the  dyed  polycar¬ 
bonate  (for  rejection  of  the  1054  and  1064  nm  laser  lines)  with  a  multilayer  dielectric  as  a 
short  wave  pass  filter  has  been  envisioned.  The  task  of  this  effort  was  to  explore  the  compati¬ 
bility  of  dense,  non-shifting  dielectric  multilayer  coatings  deposited  by  reactive  low  voltage  ion 
plating  with  the  polycarbonate  substrates  intended  for  use  with  the  laser  eye  protection  gear. 
The  P.  I.'s  previous  experience  in  coating  of  ophthalmic  lenses, ^  in  particular  plastics,^  proved 
useful  in  successfully  meeting  this  challenge,  with  the  active  support  of  several  members  of  the 
Thin  Film  Group  at  CREOL.  The  results  achieved  in  this  Phase  1  feasibility  study  lay  the 
grounds  for  the  further  development  of  the  hybrid  concept  proposed  by  ECI  for  a  practical 
device,  suitable  for  economic  mass  production. 
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Fig.  1.  Example  of  multi-laser  line  rejection  filter  consisting  of  one  multilayer  stack.  The 
design  necessary  to  cover  three  different  regions  with  reasonable  optical  density  (OD. 
tabulated  for  the  stop  bands)  would  have  a  physical  thickness  of  almost  10  /rm! 
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Reactive  Low  Voltage  Ion  Plating  Deposition 

The  process  has  been  described  in  sufficient  detail  by  the  P.  I.  in  several  publications  contained 
in  the  appendix  to  this  report/-^  In  short,  thin  films  growing  from  the  deposition  of  electron 
beam  evaporated  coating  material  become  very  dense  when  they  are  concurrently  bombarded 
with  high  density  low  energy  argon  ions,  produced  in  a  low  voltage  high  current  plasma  source 
operating  at  about  50  to  60  A,  50  to  70  V,  and  an  argon  pressure  in  the  source  of  2  to  4  mbar. 
If  the  deposited  thin  films  ought  to  be  dielectric  (oxide,  nitride),  the  starting  material  is  either 
the  metal  or  a  sub-stoichiometric  composition  of  the  desired  compound.  Backfilling  the  coating 
chamber  with  sufficient  supply  of  the  respective  reactive  gas  (oxygen,  nitrogen)  which  gets 
partially  ionized  in  the  argon  plasma  by  electron  transfer  processes  assures  fully  stoichiometric 
thin  films.  The  formation  of  a  dense  film  structure  can  be  explained  both  with  a  molecular 
dynamics  computer  simulation  modeH  with  the  numerical  evaluation  of  many  impulse  transfer 
processes  triggered  by  the  impinging  argon  ions  of  5  to  50  eV  energy,  and  more  qualitatively, 
by  the  transfer  of  energy  to  the  growing  film.'’' 

The  Coating  Equipment 

The  state-of-the-art  high  vacuum  deposition  system  Balzers  BAP  800  available  at  UCF/CREOL 
consists  of  an  800  mm  (32  inch)  stainless  steel  box  with  a  front  loading  door,  which  carries  the 
peculiar  low  voltage  (50  -  60  V)  high  current  (50  -  70  A)  argon  plasma  source  in  its  lower  por¬ 
tion  (Figure  2).  The  vacuum  chamber  is  pumped  by  an  oil  diffusion  pump  with  liquid  nitrogen 
cooled  baffle,  backed  by  a  dual  stage  rotary  vane  forepump  with  a  roots  blower  in  between. 
The  coating  chamber  contains  2  electron  beam  evaporation  sources  of  the  type  Balzers  ESK 
110  and  113,  with  a  rotating  pot  and  an  indexable  four  pocket  crucible,  respectively.  The 
substrates  are  located  on  a  single  rotation  dome  with  four  90°  segments  which  in  turn  carry  5 
trapezoid  inserts,  holding  the  optical  elements  (lenses)  to  be  coated  in  stainless  steel  bezels. 
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Fig.  2.  Schematic  of  the  Balzers  BAP  800  equipment  for  reactive  low  voltage  ion  plating 
(RLVIP).  Note  the  two  electron  beam  evaporation  sources  in  the  ground  view  (bottom) 
and  the  low  voltage,  high  current  argon  plasma  source,  particularly  well  seen  in  the 
side  view  (top). 
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The  dome  is  insulated  from  ground  potential,  to  allow  the  build-up  of  a  negative  self-bias  on 
the  substrate  surfaces  exposed  to  the  plasma  sheath  generated  by  the  argon  plasma.  A  quartz 
crystal  monitor  located  in  the  center  of  the  rotary  dome  measures  the  total  film  thickness  and, 
at  the  same  time,  serves  as  deposition  rate  monitor.  A  residual  gas  monitor  Balzers  QMG  064 
(quadrupole  mass  spectrometer  for  atomic  mass  units  [amu]  ranging  to  64)  is  also  available. 

Custom  modifications  of  the  coating  equipment  for  plastic  coatings 

An  obvious  problem  in  the  coating  of  plastics  (inclusive  of  polycarbonate)  with  durable  dielec¬ 
tric  thin  films  is  the  susceptibility  of  the  substrates  to  deformation  and  damage  at  elevated 
temperature.  In  conventional  electron  beam  or  thermal  evaporation,  substrates  need  to  be 
heated  up  to  250  -  350  °C  to  achieve  reasonably  dense  films  with  acceptable  hardness  and 
environmental  stability,  although  even  such  coating’s  tend  to  shift  their  spectral  performance 
upon  exposure  to  ambient  temperature  or  humidity  variations. *-9  Ion  and  plasma  assisted 
vacuum  deposition  processes  avoid,  in  principle,  the  deliberate  heating  of  the  substrates  by 
providing  additional  energy  to  the  deposited  film  species  in  form  of  ion  impact.”^  However,  the 
energy  dissipation  of  the  ions  and  neutrals  produced  and  accelerated  in  an  ion  gun  for  co-irra- 
diation  of  the  growing  film  gives  rise  to  an  increase  of  the  substrate  temperature  in  Ion  Assist¬ 
ed  Deposition  (lAD)'o  as  well  as  in  plasma  assisted  processes,  such  as  the  Reactive  Low 
Voltage  Ion  Plating  (RLVIP)  applied  in  this  study.  Here,  the  energy  contained  in  the  plasma 
discharge  (50  -  60  A,  50  -  70  V)  adds  to  the  thermal  load  already  generated  by  the  6  -  10  kW 
of  electron  beam  energy  in  the  evaporation  source(s).  Hence,  the  temperature  in  the  coating 
chamber  as  measured  with  a  thermocouple  increases  about  twice  as  fast  when  the  plasma 
discharge  is  on,  as  compared  to  standard  electron  beam  evaporation  conditions  (Figures  3,  4). 
Therefore,  in  order  to  coat  plastic  (PC)  lenses  with  a  stack  of  thin  films  sufficient  for  the 
required  optical  density  (OD)  of  about  3,  which  takes  about  2  -  3  hours  and  would  cause  the 
chamber  temperature  to  rise  up  to  250  °C,  we  had  to  introduce  custom  modifications  into  our 
coating  equipment  as  described  below. 
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Temperature  rise  during  IP  and  e-beam  coatings 


thickness  [nin] 


Fig.  3.  Temperature  rise  in  the  coating  chamber  of  the  BAP  800  equipment  during  ion  plating 
and  electron  beam  deposition  of  HfOj,  as  a  function  of  deposition  time. 


Temperature  rise  during  IP  and  e-beam  coatings 
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Fig.  4.  Temperature  rise  in  the  coating  chamber  of  the  BAP  800  equipment  during  RLVIP  and 
EB-evaporation,  as  a  function  of  deposited  film  thickness. 
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a. )  Internal  water  cooled  shields 

The  walls  of  the  coating  chamber,  as  it  comes  from  the  manufacturer,  are  externally  water 
cooled,  i.  e.  water  pipes  have  been  welded  on  the  outside  of  the  stainless  steel  vessel.  The 
chamber  walls  are  protected  on  the  inside  from  becoming  coated  by  means  of  stainless  steel 
lining  sheets,  which  slide  in  holding  rails  for  easy  removal  when  they  need  to  be  cleaned.  As 
stainless  steel  is  a  bad  heat  conductor  in  the  first  place  and  the  lining  sheets  are  in  poor  thermal 
contact  with  the  chamber  walls,  sitting  in  their  holding  rails  with  a  gap  between  them  and  the 
walls,  this  external  water  cooling  arrangement  is  not  very  efficient.  Mr.  Jeff  Richmond,  gradu¬ 
ating  student  of  Engineering  Technology,  undertook  the  effort  of  devising  internal  water  cool¬ 
ing  of  the  lining  sheets  by  welding  meandering  3/8"  (o.d.)  316  stainless  steel  water  piping 
directly  on  the  lining  sheets.  This  approach,  of  course,  limits  the  removal  of  the  lining  sheets 
for  cleaning  to  the  absolute  necessity,  as  the  water  piping  has  to  be  disconnected  and  recon¬ 
nected  every  time.  However,  it  is  the  only  way  we  see  at  this  time  that  provides  reasonably 
efficient  heat  sinks. 

b. )  Home-built  water  chiller 
The  coating  equipment,  i.  e.  the  oil  diffu¬ 
sion  pump,  the  power  regulating  tube  and 
the  crucible  of  electron  beam  evaporation 
unit,  and  the  external  chamber  cooling  have 
been  connected  to  the  building's  air  condi¬ 
tioning  chiller.  Unfortunately,  its  capacity 
is  limited,  so  that  we  needed  to  provide  for 
another  source  of  cold  water  for  the  inter¬ 
nal  water  cooling.  Mr.  Jeff  Richmond, 
again,  built  a  simple  but  efficient  unit  based 
on  a  surplus  radiator  which  is  cooled  by  an 
efficient  blower  (Figure  5,  to  the  right). 
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Experiments 


Tliin  film  deposition 

All  depositions  were  carried  out  in  the  Balzers  BAP  800  equipment  described  in  the  previous 
section.  We  deposited  single  layers  of  zirconia  and  silica  with  low  voltage  reactive  ion  plating 
on  2x2"  square  glass  samples  and  3"  diameter  polycarbonate  lenses  (two  per  run,  1  each  with 
and  without  an  organic  hard  coat).  The  temperature  during  deposition  was  monitored  with  a 
thermo  couple  and  an  Eurotherm  control  instrument.  We  deposited  also  2  different  multilayer 
coatings  of  the  following  hybrid  design: 

SAMPLE  #  900915  . (HL)n.(HL)|BHip 

SAMPLE  it  901001  . (HL)|b(HLH)u> 

where  H  indicates  a  quarter-wave  layer  of  high  index  material  (ZrOj)  and  L  a  quarter-wave 
layer  of  low  index  material  (Si02).  The  subscript  IP  denotes  the  layers  deposited  by  reactive 
low  voltage  ion  plating,  and  the  subscript  EB  the  layers  deposited  by  conventional  electron 
beam  evaporation.  The  following  Table  1  summarizes  the  starting  materials  and  evaporation 
condition  for  each  material. 


Table  1.  Deposition  Parameters 

Thin 

Starting 

^02 

Rate 

Ts 

t  [nm] 

Film 

Material 

[mbar] 

[nm/sec] 

[°C] 

@  QWOT 

SiO. 

SiO. 

T.xlO'* 

0.50 

44-45 

135 

SiO, 

Si 

9.x  10-^ 

0.20 

25-61 

130 

ZrO, 

ZrOi 

2.X10-'' 

0.50 

45-46 

89.4 

ZrO, 

ZrOi 

9.xl0-^ 

0.20 

24-38 

88.0 

ZrO, 

Zr 

9.x  10-^ 

0.25 

24-45 

88.0 
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Determination  of  optical  properties  of  deposited  thin  films 


From  the  single  layer  coatings  on  the  glass  witness  samples,  the  refractive  index  was  deter¬ 
mined  from  spectral  reflectance  and  transmittance  measurements,  using  a  Perkin-Elmer  330 
spectrophotometer.  Table  2  below  gives  the  values  obtained  for  both  the  ion  plated  and  the 
electron  beam  deposited  thin  films.  Similarly,  the  spectral  transmission  of  the  two  hybrid 
multilayer  coatings  was  measured  from  the  flat  glass  witness  samples.  The  measurements  are 
shown  in  Figures  6  and  7. 


Table  2.  Optical  Properties  (Refractive  index  data) 

Thin  Film 

Refractive  index  (n)  at 

400  nm 

500  nm 

600  nm 

700  nm 

SiO,  -  EB 

1.450 

1.449 

1.447 

1.446 

SiOj  -  IP 

1.500 

1.490 

1.492 

1.480 

ZrOj  -  EB 

2.150 

2.145 

2.131 

2.120 

ZrO,  -  IP 

2.200 

2.170 

2.170 

2.165 

Fig.  6. Spectral  transmittance  of  sample 
/I' 900915 


Fig.  7. Spectral  transmittance  of  sample 
900101 
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Polycarbonate  lens  samples 

Table  3  lists  those  samples  sent  to  Evaporated  Coatings  Inc.  for  further  evaluation: 


Table  3.  Coated  samples  delivered  to  Mr.  Jack  Walls, 
Evaporated  Coatings  Inc. 


Item 

Sample  ID 

a 

Substrate 

Coating 

Description 

Starting 

Material 

1 

900908 

Polycarbonate  lens 
with  hard  coating 

SiOj  RIPD 

QWOT  at750nm 

Si  metal 

2 

900908 

Polycarbonate  lens 
without  hard  coating 

SiOj  RIPD 

QWOT  at  750nm 

Si  metal 

3 

900909 

Polycarbonate  lens 
with  hard  coating 

ZrOj  RIPD 

QWOT  at  750nm 

ZrOj 

4 

900909 

Polycarbonate  lens 
without  hard  coating 

ZrOj  RIPD 

QWOT  at  750nm 

ZrO^ 

5 

900910 

Polycarbonate  lens 
with  hard  coating 

ZrOj  RIPD 

QWOT  at  750nm 

ZrOj 

6 

900910 

Polycarbonate  lens 
without  bard  coating 

ZtOj  RIPD 

QWOT  at  750nm 

Zr02 

7 

900911 

Polycarbonate  lens 
with  hard  coating 

SiOj  RIPD 

QWOT  at  750nin 

Si  metal 

8 

900911 

Polycarbonate  lens 
without  hard  coating 

SiOj  RIPD 

QWOT  at  750nm 

Si  metal 

9 

900914 

Polycarbonate  lens 
with  hard  coating 

ZrOj  RIPD 

QWOT  at  750nin 

Zr02 

10 

900914 

Polycarbonate  lens 
without  hard  coating 

ZrO^  RIPD 

QWOT  at  750nm 

ZrO, 

11 

900915 

Polycarbonate  lens 
with  hard  coating 

(HL),p(HL)*^H,p 

H,  L  are  QWOT 
at  75C)nm 

Zr02 

Si  metal 
SiOj 

12 

900915 

Polycarbonate  lens 
without  hard  coating 

(HL),p(HL)*aH,p 

H,  L  are  QWOT 
at  750nni 

Zr02 

Si  metal 
SiO, 

13 

901001 

Polycarbonate  lens 
with  hard  coating 

(HL)*eb(HL),pH,p 
H,  L  are  QWOT 
at  750nm 

ZrOj 

Si  metal 
Si02 

14 

901001 

Polycarbonate  lens 
without  hard  coating 

(HL)*a(HL),pH,p 
H,  L  are  QWOT 
at  750nm 

ZrOj 

Si  metal 
Si02 
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Measurement  of  intrinsic  thin  film  stress 

The  intrinsic  stress  of  a  thin  film  is  a  determining  factor  for  its  durability.  Conventional  thin 
films,  deposited  by  thermal  or  electron  beam  evaporation,  have  a  columnar  microstructure 
which  in  general  causes  tensile  stress  in  the  films,  when  the  coating  material  tries  to  fill  the 
gaps  between  the  columns.  Ion  and  plasma  assisted  thin  film  deposition  causes  a  high  packing 
density  and  typically  compressive  stress.  If  this  intrinsic  stress  is  too  high,  the  film  tends  to 
delaminate  from  the  substrate  if  the  stress-induced  bending  force  exceeds  the  adhesion  of  the 
film  to  the  substrate  surface.  If  the  adhesion  is  strong  enough  to  withstand  the  delamination 
tendency,  the  intrinsic  film  stress  can  deform  the  substrate  if  its  not  rigid  enough. 

Our  approach  to  measurement  of  thin  film  stress  is  based  on  the  measurement  of  the  deforma¬ 
tion  of  thin  fused  silica  monitor  plates  of  1  inch  diameter  and  10  mil  thickness.  The  compres¬ 
sive  stress  in  the  film  deforms  the  initially  plane  plate  into  a  slight  bell  shape  which  can  be 
approximated  by  a  sphere.  The  illumination  of  the  coating  stress  monitor  plates  placed  on  an 
optical  Hat  with  monochromatic  light  from  a  krypton  lamp  (lambda  =  547  nm)  causes  interfer¬ 
ence  fringes  due  to  the  air  gap  between  the  deformed  plate  and  the  optical  flat.  We  took 
photographs  of  these  fringes  with  the  macro-lens  of  a  35  mm  SLR  camera.  An  example  of 
such  a  photograph  is  shown  in  Figure  8.  The  stress  evaluation  is  summarized  in  Table  4. 


Fig.  8.  Photograph  of  interference  fringes  caused  by  the  air  gap  between  an  optical  flat  and  a 
thin  fused  silica  monitor  plate  deformed  by  intrinsic  film  stress  into  a  bell  shape. 
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Electron  microscope  investigation  of  thin  film  micro  structure 

The  properties  of  thin  films  are,  to  a  great  extent,  determined  by  their  microstructure “  which, 
in  turn,  is  strongly  influenced  by  the  deposition  process.*^  Thus,  the  study  of  thin  film  micro¬ 
structure  supposedly  gives  some  insight  of  how  to  modify  a  deposition  process  for  the  im¬ 
provement  of  thin  film  coatings.  We  used  both  the  direct  observation  of  fractured  multilayer 
coatings  in  a  scanning  electron  microscope  (SEM)  and  the  indirect  imaging  of  the  cross-section 
of  fractured  multilayers  with  a  carbon  replica,  investigated  in  a  transmission  electron  micro¬ 
scope  (TEM). 

a, )  SEM  investigations 

The  P,  I.  conducted  initial  investigations  employing  the  SEM  at  the  College  of  Engineering  at 
UCF,  a  JEOL  JSM  300  T.  This  instrument  is  already  about  10  years  old  and  does  not  have  the 
necessary  resolution  for  imaging  ultimate  details  of  thin  film  coalings.  However,  it  proved 
useful  enough  to  show  at  least  the  significant  difference  in  the  density  of  RLVIP  and  EB  thin 
films,  by  way  of  the  greatly  enhanced  secondary  electron  emission  of  the  former,  indicating 
the  presence  of  more  solid  state  material  (i.  e.,  higher  density).  Figures  9  and  10  show  repre¬ 
sentative  pictures  taken  from  the  hybrid  multilayer  samples.  For  improved  resolution,  the  same 
samples  were  investigated  with  a  new  SEM  (JEOL  JSM-6400)  at  the  Major  Analytical  Instru¬ 
mentation  Center  (MAIC)  at  the  University  of  Florida  (UF)  in  Gainesville,  FL,  under  the 
P.  I.'s  supervision.  Representative  pictures  are  shown  in  Figures  11  and  12. 

b. )  TEM  investigations 

For  the  imaging  of  a  solid  surface  such  as  the  cross-section  of  a  multilayer  coating  in  a  trans¬ 
mission  electron  microscope,  it  is  necessary  to  prepare  an  electron  transparent  specimen  of  that 
sample.  This  could  be  a  thin  section,  such  as  widely  used  in  biology  and  pathology  with  micro¬ 
tome  sectioning  of  (frozen)  tissue.  While  this  technique  of  microtoming  is,  in  principle,  also 
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applicable  to  material  science  specimens,  it  is  difficult  to  perform  and  requires  a  special 
diamond  knife,  which  we  did  not  have  available.  Thus,  we  resorted  to  the  well  established 
technique  of  preparing  a  high  resolution  replica  of  the  fractured  cross-section,  by  first  evapo¬ 
rating  a  minute  amount  of  platinum  along  with  carbon  at  an  oblique  angel  of  incidence  (for 
contrast  enhancement  by  shadowing  effects),  and  then  evaporating  a  plain  carbon  film  covering 
both  the  fractured  cross-section  and  the  film  surface. '3  This  carbon  film,  along  with  the  previ¬ 
ously  deposited  Pt-C  pre-shadowing  film,  is  stripped  from  the  sample  by  immersing  it  very 
shallowly  into  diluted  hydrofluoric  acid  (about  4%).  Leaving  it  here  floating  for  at  least  24 
hours  (in  our  case  actually  72  and  36  hours)  removes  any  actual  coating  material  which  might 
got  stuck  to  the  carbon  film,  and  would  show  as  dark  (because  nontransparent)  areas  in  the 
transmission  electron  microscope  picture.  The  floating  carbon  replica  is  finally  transferred  on 
copper  grids  (3  mm  o.d.,  400  mesh)  which  are  widely  used  in  electron  microscopy.  Represen¬ 
tative  TEM  micrographs  are  shown  in  Figures  13  and  14. 


Fig.  9.  SEM  cross-section  of  sample  #  900915  Fig.  lO.SEM  cross-section  of  sample  #  901001 
(JEOL  JSM  300  T,  UCF/COE)  (JEOL  JSM  300  T,  UCF/COE) 
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Cross-S(xiion  of  sample  tt  900915  (JSM-6400  at  MAIC/UF). 

Detail  of  layers  next  to  the  substrate,  showing  the  first  two  (IP)  la\ 
(bright  =  ZrO;.  dark  =  SiOO  denser  than  the  following  (EH)  ones. 
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I-ig.  M.itnp)  Cross-section  of  sample  H  901001  {JSM-6400  at  MAIC/UF). 

(hottom)  Detail  of  top  layers  next  to  the  surface.  The  first  three  (RLVIP)  layers 

from  the  top  show  as  one  bright  band,  not  really  resolved  because  of  too 
high  an  electron  emission. 
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.(/()/’)  Cross-.scction  of  sample  ^  900915.  taken  from  a  Pt-C/C  replica  with  the 

JPM  200  ex  at  MAIC/IJF 

(hononi  ictr)  Detail  of  layers  next  to  the  substrate,  showing  the  first  two  (RLN'IP) 
lavers  being  denser  than  the  following  (HB)  ones. 

/7e//n  Detail  of  top  layers  next  to  the  surface.  Although  tlie  last  laser  has  been 
deposited  by  RLVIP.  it  is  not  as  smooth  as  the  first  tsso  at  the  bottom, 
because  the  intermediate  electron  beam  deposited  lavers  ss  ith  their  granu¬ 
lar  structure  produced  a  rough  surface. 
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Fig.  14. (/op)  Cross-section  of  sample  ^  901001,  taken  from  a  P-C/C  replica  with  the 

JEM  200  CX  at  MAIC/UF 

{bottom)  Detail  of  top  layers  next  to  the  surface.  The  first  three  (RLVIP)  layers 
from  the  top  are  better  resolved  than  in  the  SEM  micrograph  (Fig.  12), 
showing  denser  structure  than  the  electron  beam  evaporated  layers. 
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Conclusions  and  Outlook 

This  feasibility  study  showed  indeed  promises  for  the  compatibility  of  hard,  dense  dielectric 
coatings  with  polycarbonate  lenses,  particularly  when  they  come  with  an  organic  (or  lacquer) 
hard  coat.  The  key  issue  of  keeping  the  chamber  temperature  during  film  deposition  low  for 
the  protection  of  the  plastic  lenses  was  reasonably  well  achieved,  but  may  bear  some  further 
improvement  in  the  proposed  second  phase  of  this  development.  It  is  particularly  important  for 
the  envisioned  deposition  of  all-RLVIP  multilayer  stacks,  which  we  expect  to  have  further 
improved  imperviousness  to  ambient  humidity  and  practically  no  spectral  shift  with  changing 
temperature.  For  increased  durability  of  our  RLVIP  dielectric  multilayer  coatings  on  plastic 
(PC)  substrates  in  extreme  field  conditions,  we  need  to  conduct  further  and  more  detailed 
studies  as  to  tailor  intrinsic  thin  film  stress  and  adhesion  without  compromising  coating  hard¬ 
ness  and  optical  performance,  possibly  using  different  materials  and/or  co-deposition  of  dissim¬ 
ilar  oxides. 
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